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Abstract. Bleaching of reef corals, involving loss of

symbiotic algae (= zooxanthellae), loss of algal pigments,
or both, has been linked to temperature stress. In this

study the effects of high temperature and light on zoox-

anthellae living in the Caribbean reef corals Montastrea

annularis, M. cavernosa, Agaricia agaricites, and A. la-

marcki were studied. Pieces of coral colonies were incu-

bated at ambient seawater temperature (26 1 C), and

at 30, 32, and 34C. Symbiotic algae from M. annularis.

a species of coral from the forereef that commonly
bleaches, showed the following sequence of events when

exposed to natural light at 32C: loss of photosynthetic

potential measured as fluorescence yield, corresponding
reduction of both oxygen production per zooxanthella

and P:R (photosynthesis:respiration) ratio, and subse-

quent reduction in density of algae in relation to surface

area of the coral. These parameters were not significantly

reduced and no deaths occurred for M. annularis or any
other coral species maintained at 26 or 30C. However,
the sequence of events was condensed to less than 24 h

when M. annularis was subjected to 34C seawater, except

that there was little if any reduction in algal density before

tissue-sloughing and death occurred between 10 and 24 h.

Loss of significant amounts of chlorophyll a per alga was

not evident for any corals except those maintained at 34C
longer than 10 h. In contrast, symbiotic algae in A/, cav-

ernosa, a species that rarely bleaches in nature, showed

only slight reductions in photosynthesis and fluorescence

yield, and no significant loss of algal cells or chlorophyll

a, when maintained in seawater at 32C for 2 days. Thus
zooxanthellae in M. cavernosa appeared to be less affected

by sublethal high-temperature stress. Similar contrasting

patterns of bleaching were seen in zooxanthellae from the

plating coral Agaricia lamarcki. which often bleaches
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during the late summer and fall, compared with zooxan-

thellae from A. agaricites. a coral which bleaches less fre-

quently. In addition. A/, annularis exposed to sublethal

high temperatures and ambient light bleached faster than

those kept in dimmer light, supporting past field observa-

tions suggesting that light energy is an important compo-
nent of bleaching in nature. When A/, annularis was ex-

posed to different wavelengths of natural light at 32C, the

fluorescence yield declined more quickly in the presence

of higher energy UV-A and blue light than with other pho-

tosynthetically active radiation. Natural levels of UV-B had

little effect in this study. These data suggest that the patterns

of bleaching seen in nature may be at least partially ex-

plained by different tolerances of the symbiotic algae in

the corals, and that light plays a significant role in bleaching.

Introduction

Two major ecological events during the last decade fo-

cused the attention of coral reef researchers on the sus-

ceptibility of corals and associated reef organisms to the

potentially devastating effects of elevated seawater tem-

peratures. The first was the 1982-1983 El Nino Southern

Oscillation (ENSO), during which many hard and soft

corals from the Great Barrier Reef, the Central Pacific,

and eventually the Eastern Pacific bleached as seawater

temperatures rose 2-6C above normal (Glynn, 1983,

1984; Oliver, 1985; Harriot, 1985; Fisk and Done. 1985;

Coffroth ct al.. 1990: Glynn and D'Croz, 1990). Subse-

quent coral death was common: up to 97% of the species

harboring symbiotic algae were reported dead on some
reefs (Glynn and D'Croz, 1990).

The Caribbean-wide "bleaching event" of 1987 again

drew attention to warm-water stress in the marine envi-

ronment, this time coupled with concerns that global

warming might be one of the causes (Williams and Wil-

liams. 1988). Though bleaching was extensive, total loss
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of zooxanthellae from coral tissues was rare, as was death

of entire coral colonies (see references in Fitt el al., 1993;

Porter and Meier, 1992). Most bleached corals recovered

their normal coloration within a year (Szmant and Gass-

man, 1990; Fitt ct al.. 1993). The results of both of these

events are consistent with the notion that corals and other

associated invertebrates are living close to their physio-

logical upper thermal limits during summer months, so

that even the smallest increase in seawater temperature

may have an effect if the exposure time is long enough

(Coles end.. 1976).

Virtually all studies of bleaching support the supposi-

tion that summertime bleaching is at least partially linked

to the high temperatures (e.g.. Yongeand Nichols, 193 la;

Jokiel and Coles, 1977; Jaap, 1979;Glynn, 1984; Lasker

ei al.. 1984; Hoegh-Guldberg and Smith. 1989; Glynn
and D'Croz. 1991; Gates el al, 1992; Jokiel and Coles,

1990; Fitt et al.. 1993). Two of the best examples of the

role of temperature involve laboratory experiments, one

simulating El Nino conditions in the Eastern Pacific

(Glynn and D'Croz, 1990) and the other mimicking the

effects of the thermal discharge system of a power gen-

erator in Hawaii (Jokiel and Coles, 1977). Both studies

clearly showed the immediate, adverse effects on corals

of abnormally high temperatures (>32C), as well as more

subtle bleaching during long-term exposure to tempera-

tures only 1-2C above normal ambient (e.g., 30C).
The relative importance of other environmental factors

on bleaching is more contentious. Low salinity and high

levels of natural light sometimes show synergistic effects

in connection with high temperatures near the limits of

tolerance for corals (Coles and Jokiel, 1978; cf. Hoegh-

Guldberg and Smith, 1989). In addition, high doses of

ultraviolet light induce bleaching without increased tem-

perature (Jokiel. 1980; Gleason and Wellington, 1993).

Although the role of light in bleaching is interesting, little

is currently known about the role of light quantity and

quality, especially in relation to photosynthetic action

spectra of the symbiotic algae. For instance, UV-B block-

ing compounds have been described and characterized

(Dunlap and Chalker, 1986). and show the expected de-

crease in concentrations with depth (Dunlap et al.. 1988).

However, protection by these compounds from UV-A

light (ca. 320-400 nm) is generally limited at wavelengths

greater than 350 nm, where photosynthetic pigments in

zooxanthellae begin absorbing light (Jeffrey and Haxo,

1968; Dunlap et al.. 1988). This leaves the coral and sym-
biotic algae exposed to longer UV-A wavelengths and blue

light (ca. 400-450) (Dunlap et al.. 1988), as well as to

other photosynthetically active radiation (PAR).

One of the most perplexing aspects of coral bleaching

is that some species seem to lose color frequently and

quickly during bleaching events, whereas others never

seem to bleach. For instance, the Caribbean reef-building

coral Montastrea ami/arris is one of the first species to

appear discolored during bleaching events, whereas A/.

cavernosa rarely bleaches (Jaap, 1979, 1985). Although

differential tolerance of host tissue to environmental stress

may explain these patterns, it is also possible that different

species or types of zooxanthellae (see Trench, 1993) ex-

hibit different tolerances to temperature and light (cf. Fitt,

1985).

One explanation proposed for high-temperature

bleaching is that the host digestive cells detach from the

mesoglea, carrying zooxanthellae out of the coelenteron,

in a fashion seen in cnidarians exposed to cold water stress

(Gates et a!.. 1992). Other investigators have found that

cultured zooxanthellae placed in temperatures equal to

or higher than 32C show decreased photosynthetic effi-

ciency (Iglesias-Prieto et al.. 1992); this observation sug-

gests that the algae, and not just the host, are responsible

for the breakdown of the symbiosis during bleaching.

There is still no consensus as to which of the symbiotic

partners is more affected by high temperature. In this study

we address some of these issues by documenting the se-

quence of events occurring in zooxanthellae living sym-

biotically with four species of Caribbean reef corals, and

show that both light quantity and quality can be important

environmental factors in bleaching.

Materials and Methods

Collection and maintenance of animals

Intact colonies of the reef corals Agaricia agaricites, A.

lamarcki. Montastrea anmilaris, and M. cavernosa were

collected from a depth of 14-16 mon the forereef off the

Discovery Bay Marine Laboratory in Jamaica in the early

morning (0700-0800) in February and March of 1993

and 1994. Within 1 h of collection each colony was broken

into eight pieces, each with a surface area of 5-10 cm2
,

and placed into one of four water-jacketed acrylic incu-

bation chambers containing about 3.5 1 of seawater. The

clear plastic chambers were exposed to ambient light; their

open tops were covered with three layers of screen to re-

duce the maximum light intensities to slightly less those

found at 14-16 m on the reef. Light intensities at noon

on a cloudless day on the reef at 15 mwere measured on

three occasions and ranged between 500-600 juE m~2
s~',

maximum intensities measured in the chambers under

the screen were 400-475 ^E m 2
s '. During the experi-

ments, fresh unfiltered seawater flowed into the chambers

at ca. 1 50 mmin~ ' and vigorous aeration from aquarium

pumps and air stones kept the water well mixed. Ambient

seawater temperatures were 26.0 1.0C. Coral pieces

were allowed to equilibrate in the chambers for 5-15 min

at ambient temperature before the start of each experi-

ment. Under ambient temperature and light, control
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pieces maintained in chambers showed no adverse or vis-

ible effects for at least 4 days.

Experimental protocol

Coral pieces were placed in one of four chambers, each

starting out at ambient seawater temperature (26.0C
1 .0C). In three of the chambers, aquarium heaters were

used to raise the temperature over a period of about 1 h.

Temperatures were kept at 30, 32, and 34C 0.5C.

A minimum of four replicate colonies were tested from

each species. At least two pieces of each replicate colony

were placed into each of the four chambers so that samples

could be taken at different times. Coral pieces maintained

at 26, 30, and 32C were processed at about 24 and

48 h. Coral pieces exposed to 34C were sampled 3-

5 times during the first 24-h period. Pieces of coral were

processed for physiological testing and biomass deter-

minations as detailed below.

Light quality and quantity experiments

Pieces of six replicate heads of A/, annularis used in

experiments testing the effects of light quality and quantity

were collected from a patch reef (1-2 m deep) oft" Key

Largo, Florida. Coral pieces were placed in glass petri

dishes in a 32C temperature bath with aeration, where

the seawater was changed at least every 4 h throughout

the experiment. The quality and quantity of natural am-

bient light were adjusted with screens and glass cut-oft"

filters (Melles Girot). Corals were exposed to one of the

following conditions: natural light with no filters, natural

light without UV-B (>320 nm), natural light without UV-
A and B (>395 nm), or natural light without UV or blue

light (>495 nm). Two layers of window screen covered

the entire waterbath to reduce the maximum exposure

level to slightly lower than that found /// situ

(<700 nE m:
s~'). Some coral pieces (control) were main-

tained under two layers of window screen without filters,

but at 26C.

Physiological testing and biomass determinations

Coral tissue and zooxanthellae were removed from the

coral skeleton with a Water-Pik and subsamples of the

homogenate taken for zooxanthellae counts and chloro-

phyll a determinations. The remaining homogenate was

filtered through three layers of cheesecloth and centrifuged

at 1500 X g for 3 min. The pellet was resuspended and

washed (recentrifuged) with fresh filtered (0.45 nm) sea-

water (FSW) at least three times, or until few animal frag-

ments were seen amongst the zooxanthellae in micro-

scopic observations.

Cleaned zooxanthellae were resuspended in FSWat

densities between '0.5 and 1.0 X 10
6

zooxanthellae per

milliliter. Respiration rates in the dark and photosynthetic

rates at 450 ^E m :
s

'

(above saturation) were determined

with a YSI oxygen meter equipped with low-volume (2-

10 ml) chambers and magnetic stirrers. Respiration and

net photosynthesis rates were added together to give gross

photosynthesis rates and standardized to number of

zooxanthellae. Gross photosynthesis:respiration (P:R) ra-

tios were calculated from these rates.

Chlorophyll fluorescence of zooxanthellae suspensions

was measured with a Turner fluorometer, after a 10-min

incubation in darkness. The ratio of fluorescence obtained

with additions of DCMU(10~
5

A/) in relation to that

without DCMUwas calculated. Long-term kinetics of

chlorophyll fluorescence of zooxanthellae living within

the host were recorded with a pulse amplitude modulation

fluorometer (model PAM 101, 103; Waltz). The corals

were dark-adapted for 10 min under the fiber optic bundle

of the tluorometer prior to measurement. The initial fluo-

rescence (Fo) was measured by exposing the coral to a

weak pulse of red light (<1 juE m2
s~'). Maximum fluo-

rescence (Fm) was then determined by applying a 1-s pulse

of intense white light (>500 juE ITT s~'). The maximum
variable fluorescence was calculated as Fv = Fm Fo.

The value Fv/Fm is used to indicate the photosynthetic

efficiency and is proportional to the quantum yield.

Chlorophyll a was extracted with acetone by the method

of Jeffrey and Humphrey ( 1975). Total chlorophyll a was

calculated from absorbance at 663 and 630 nm and stan-

dardized per algal cell extracted.

Zooxanthellae densities were calculated from the total

number of zooxanthellae and the surface area of the coral.

Number of zooxanthellae was determined from replicate

(8-10) hemacytometer counts. Surface area was deter-

mined by covering the surface of the coral with aluminum

foil, weighing the toil, and applying a standard curve re-

lating aluminum weight to area.

Results

High-temperature stress in ambient light

The response of corals and their symbiotic algae to high-

temperature stress varied with species of coral, but fol-

lowed a similar pattern (Figs. 1-4). The pattern is best

illustrated with Montastrea annularis maintained at 32C:

photosynthetic rates and potential (fluorescence ratio

p+DCMiyp-DCMU) as we,| as p. R (photosynthesis: respi-

ration) ratio all decreased before any significant change
in density of zooxanthellae was evident. At 34C it took

less than 24 h for photosynthesis, fluorescence ratios, and

the P:R to decrease to 0. The zooxanthellae density and

chlorophyll a content per zooxanthella changed little at

34C before coral death was first observed at 19 h. Zoo-

xanthellae from A/, annularis maintained at 30C differed

little from zooxanthellae isolated from freshlv collected
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corals or those maintained at ambient seawater temper-

ature (26 1C) for 2 days. Chlorophyll a per zooxan-

thella increased slightly over the 2-d experiment, probably

due to photoadaptation to the experimental light inten-

sities, which were slightly lower than the light intensities

in situ (Fig. 2).

M. cavernosa responded somewhat differently to in-

creases of temperature in the light than did M. annularis.

No significant reductions in the density of zooxanthellae

were observed over 53 h at any temperature (Fig. 2). Pho-

tosynthesis, fluorescence, and the P:R ratio at 26, 30,
and 32C remained relatively stable, except that there

was a 25%-50% decrease in these parameters at 53 h at

32C (Fig. 1). In contrast, photosynthesis, fluorescence,

and P:R of the zooxanthellae from M. cavernosa declined

rapidly at 34C in a fashion similar to that seen in zoo-

xanthellae from A/, annularis. Chlorophyll a per zoo-

xanthella increased slightly throughout the experiment at

all temperatures except 34C, at which values remained

the same or decreased slightly (Fig. 2). Zooxanthellae from

Agaracia lamarcki appeared to be less tolerant to seawater

temperatures of 32 and 34C than were zooxanthellae

from A. agaricites (Figs. 3-4). Photosynthesis and the flu-

orescence ratio of zooxanthellae from A. lamarcki de-

clined faster at 34C than zooxanthellae from A. agaricites

(Fig. 3). At 32C, photosynthesis and fluorescence ratios

decreased significantly for both species (Fig. 3), and zoo-

xanthellae density was about half of that from corals main-

tained at 30 or 26C (Fig. 4). Chlorophyll a per zoo-

xanthella did not change significantly (P > 0.05, ANOVA)
at any temperature for either coral, except for a marked

decrease for A. lamarcki at 32 C for 48 h (Fig. 4).

High-temperature stress and light

When pieces of A/, annularis were exposed to different

wavelengths of light at 32C, those experiencing the largest

decrease in fluorescence ratio (Fv/Fo) received wave-

lengths in the UV-A range (320-400 nm) or blue to blue-

green light (395-495 nm) (Fig. 5A). Rates of decrease in

fluorescence ratio were no different with or without nat-

ural levels of UV-B light (<320 nm) in these experiments

(ANOVA, P > 0.05). Control corals (those maintained at

26C in natural light with no filters) showed no change
in fluorescence ratio throughout the experiment.

Fluorescence ratios (Fv/Fo) of intact M. annularis ex-

posed to 32C declined faster when exposed to higher

intensity than lower intensity of natural light (Fig. 5B).

Interestingly, a "recovery" trend was observed in the same

experiment and in three similar experiments (not in-

cluded) during periods of cloudy weather.

Discussion

This study shows that symbiotic dinoflagellates living

inside of reef corals exhibit a marked decline in their pho-

tosynthetic capacity and oxygen evolution when exposed

to higher than normal temperatures (32, 34C) in natural

light for relatively short periods of time. Reductions in

photosynthesis and corresponding flow of electrons be-

tween photosystems II and I, as indicated by fluorescence

ratios, preceded any significant reductions in density of

zooxanthellae in the reef-building corals Monlastrea an-

nularis, Agaricia lamarcki, and A. agaricites. In addition,

zooxanthellae from A/, cavernosa and A. agaricites ap-

peared to be more tolerant to the experimental temper-

ature regimes, showing reduced photosynthetic compe-
tence after longer exposure times (>24 h). There was no

significant reduction in symbiont density in M. cavernosa

over the course of the experiment (48-55 h), though

probably they too would eventually lose symbiotic algae

that were not photosynthetically functional. The data

correspond to the bleaching patterns seen in the field; M.

annularis, and A. lamarcki commonly lose color during

bleaching events, whereas A/, cavernosa rarely bleaches

and A. agaricites sometimes bleaches. The results of this

study suggest that the differences seen in nature in bleach-

ing of coral species may be due to the different physio-

logical tolerances of their specific symbiotic algae.

Though it has been clear for some time that the fluo-

rescence patterns and photosynthetic rates of cultured

zooxanthellae are altered at moderate increases above

control temperatures (e.g., 32 vs. 26C) (Iglesias-Prieto

et u/.. 1992). there has been debate as to the mechanism

of bleaching in relation to mode of release of the zoo-

xanthellae from the coral and the relative health of the

symbiont and host (Gates et ai, 1992). Hoegh-Guldberg
and Smith ( 1989) clearly showed that bleaching of corals

can occur without loss of zooxanthellae, especially when

high light intensities "photo-bleach" the algal pigments.

However, most bleaching events in nature involve heat

stress with full solar radiation, and the loss of both sym-
biotic dinoflagellates and their photosynthetic pigments

has been documented (Kleppel et a/., 1989; Porter et ai,

1989). In our study, chlorophyll a content per zooxan-

thella varied little, in spite of up to 55 h of exposure to

temperatures as high as 34C. These results are similar

to those of Hoegh-Guldberg and Smith (1989), also in-

volving short-term laboratory experiments on corals ex-

posed to elevated temperatures, but in contrast to field

observations made during natural bleaching events in the

Virgin Islands and southern Florida which showed re-

ductions of chlorophyll a ranging from 50% to 80% (Porter

et ai, 1989; Kleppel et ai. 1989). The only reductions

seen in chlorophyll content in this study occurred at 34C
at longer exposure times, suggesting that pigment loss

during bleaching occurs after physiological damage to

photosynthesis. During short-term (days) laboratory ex-

periments, zooxanthellae from the more sensitive sym-

bioses appear to leave the host before or during loss of
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Figure 3. Patterns of bleaching of zooxanthellae in the corals Agaric/a af>ariciles and A lamarckii exposed

to seawater temperatures of 26C (control), 30, 32, and 34C: gross photosynthesis: respiration ratio (P:

R). gross photosynthesis (P g ), and fluorescence ratio (F +DCMu/F-DCMu) in relation to exposure time. All data

points are means SD.. /;
= 4, unless otherwise noted. * =

significantly (P < 0.05. ANOVA)different from

controls. Symbols as in Figures 1 and 2.
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Figure 5. Fluorescence ratios (F m/F ) of zooxanthellae in Moniaslrca annularix collected from the reef

(28C) or exposed to seawater temperatures of 26C (control) and 32C (all other datal under different

wavelengths (A) and intensities (B) of natural light in relation to exposure time. Neutral-density screens

were used to adjust maximum intensities to 54% of air ambient (high light) in all experiments. Cut-off filters

were used to adjust wavelength (A), and additional neutral-density screens reduced ambient light to 19% of

airambient (low light) in (B). All data points are means SD, n = 6.
* =

significantly different from control

(A. ANOVA) or low light intensities (B, Student's / test).

can occur in nature was illustrated, on a somewhat longer

time scale, in the Eastern Pacific after extensive coral

bleaching during the El Nino Southern Oscillation

(ENSO) event of 1982- 1983 (Glynn, 1983, 1984). Before

the widespread local and regional deaths of the corals, no

zooxanthellae remained in the tissues of Poci/lopora

damicomis and Millepora spp. Temperatures only a few

degrees above normal ambient will kill reef corals. Mayer
(1914) found that all the reef corals tested in the Dry
Tortugas. at the end of the Florida reef tract, died when

exposed for an hour to temperatures between 36 and
38C dui ing the summer. In this early study, the organ-
isms that died at the lowest temperatures tested (M. an-

nularis, A. lamarcki. and the hydrocoral Millepora sp.)

are the same sp \ ies that are the first to react during nat-

ural bleaching events (e.g., Williams and Bunkley-Wil-

liams, 1988), lending support to the notion that the dif-

ferential bleaching of zooxanthellate cnidarians exposed

to moderately high temperatures in nature reflects the

tolerances of their particular zooxanthellae.
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